Combined collision-induced dissociation mass spectrometry experiments with DFT and MP2 calculations were employed to elucidate the molecular structures and energetics of dissociation reactions of uranyl species containing acetone and diacetone alcohol ligands. It is shown that solutions containing diacetone alcohol ligands can produce species with more than five oxygen atoms available for coordination. Calculations confirm that complexes with up to four diacetone alcohol ligands can be energetically stable but that the effective number of atoms coordinating with uranium in the equatorial plane does not exceed five. Water elimination reactions of diacetone alcohol ligands are shown to have two coordination-dependent reaction channels, through formation of mesityl oxide ligands or formation of alkoxide and protonated mesityl oxide species. The present results provide an explanation for the implausible observation of "[UO2(ACO)6,7,8]2+" in and observed water-elimination reactions from purportedly uranyl-acetone complexes (Rios, D.; Rutkowski, P. X.; Van Stipdonk, M. J.; Gibson, J. K. Inorg. Chem.2011, 50, 4781 
■ INTRODUCTION
Understanding the coordination and reduction−oxidation chemistry of actinides is crucial for development and management of nuclear fuel cycles as well as nuclear waste storage sites. The coordination chemistry of the uranyl ion (UO 2 2+ ) has been studied extensively, both experimentally and with computer simulations. It is generally accepted that the coordination number (CN) for UO 2 2+ in the equatorial plane is five. A few exceptions are the strongly binding carbonate, nitrate, and acetate ions that form complexes in the solid phase and solution where six oxygen atoms coordinate with uranium in the equatorial plane. 1 Infrared multiphoton dissociation (IRMPD) experiments combined with density functional theory (DFT) calculations on tris-nitrate complexes of UO 2 2+ were able to show that six-coordinate anion species can also be produced in the gas phase. 2 In contrast, recent IRMPD experiments and DFT calculations on tris-carboxylate complexes of UO 2 2+ with acetate and benzoate showed that two of the acetate and benzoate ligands bound in a bidentate fashion, while the third acetate and benzoate were monodentate. 3 These results are more in line with the apparent preferred pentacoordination of the uranyl ion.
Hexa-, hepta-, or octacoordination in the equatorial plane of UO 2 2+ is not known, or expected, for monodentate neutral ligands such as acetone. Recent mass spectrometry experiments by some of us were performed with the successful primary goal of producing the first gas-phase dipositive plutonyl complexes. 4 In that work, ESI of uranyl acetone solutions produced species with m/z ratios of 309, 338, and 367 for which there was no apparent explanation other than implausible "hypercoordinated" "[UO 2 (ACO) 6, 7, 8 ] 2+ " complexes. 4 Subsequent computational studies definitively showed that a first coordination shell (or inner sphere) with more than six acetones was energetically not feasible and that this explanation was incorrect. 5 Hydration experiments employing the same experimental conditions revealed that only inner-sphere coordination complexes are formed under these conditions, 6 ruling out the possibility that additional acetone molecules were forming a second solvation shell. The same mass spectrometry experiments revealed waterelimination processes, but as the dehydration of acetone is implausible the nature of the dehydration product was unknown. 4 Shvartsburg and Wilkes 7 demonstrated that CID of dipositive metal ion complexes comprising diacetone alcohol (DAA) ligands can induce aldol dehydration to produce mesityl oxide (MOX).
Electrospray ionization mass spectrometry experiments can identify species and reaction products by mass, but the exact molecular structure of the coordinating ligands is not necessarily resolved. This work describes an integrated experimental and computational effort to study the role of acetone and diacetone alcohol molecules in uranyl coordination and dissociation reactions. The work presented here, which was proposed in the previous experimental report, 4 provides a detailed picture of the composition and water-elimination reactions observed in the poorly understood "[UO 2 -(ACO) 6, 7, 8 ] 
2+
" species previously identified and disputes any speculation on the possibility of unusually high coordination numbers in gas-phase uranyl acetone coordination complexes. U) was performed in a radiological laboratory. ESI and ion−molecule reactions were studied using an Agilent 6340 Quadrupole Ion Trap Mass Spectrometer (QIT/MS) with the ion source located inside of a radiological containment glovebox, as described in detail elsewhere. 4, 8 The sequential multistage mass spectrometry (MS n ) collision-induced dissociation (CID) capabilities of the QIT/MS allow for isolation of ions with a particular mass-to-charge ratio, m/z, followed by resonant variable-energy excitation, which results in multiple energetic collisions of the selected ion with the He bath gas and ultimately in ion decomposition/ fragmentation by one or more pathways. CID fragmentation products are determined by mass-selective ion ejection from the trap into an electron multiplier detector. The effective ion temperature in the trap prior to CID is estimated as ∼300 K. 9 In high-resolution mode the QIT/MS has a detection range of 50− 2200 m/z and a resolution of ∼0.25 m/z (full width half-maximum). Mass spectra were acquired in the positive-ion accumulation and detection mode using the following typical ESI, desolvation, ion transport/focusing, and ion trapping parameters: nebulizer gas pressure, 12 psi; capillary voltage and current, −4500 V, 1.221 nA; end plate voltage offset and current, −500 V, 22.5 nA; dry gas flow rate, 5 L/min; dry gas temperature, 100°C; capillary exit, 75 V; skimmer, 29.2 V; octopole 1 and 2 DC, 11.46 and 7.40 V; octopole RF amplitude, 50.0 Vpp; lens 1 and 2, −2.3 and −77.5 V; trap drive, 49.9. The parameters were somewhat different for selected spectra, where the conditions were optimized to enhance a particular low-intensity species. Solutions were injected into the electrospray capillary via a syringe pump at a rate of 60 μL min −1 . Nitrogen gas for nebulization and drying in the ion transfer capillary was supplied by the boil-off from a liquid nitrogen dewar. CID experiments were performed using the He buffer gas. The ion tickling voltages ranged between 0.35 and 0.50 V, applied for 40 ms; the CID voltage was selected to provide a suitable depletion of the precursor and adequate abundances of the CID products. Pressures in the trap were ∼10 −4 Torr helium buffer gas and ∼10 −6 Torr background water. 6 For preparation of [UO 2 (ACO) 4 ] 2+ from [UO 2 (ACO) 3 (H 2 O)] 2+ , the ACO reagent was introduced from a liquid reservoir into the same gas inlet through which the He buffer gas was injected into the ion trap; the ACO pressure was controlled by a variable leak valve.
All organic reagents were commercial products with a purity of 99.9%, except for 99% DAA alcohol. The isotopic purity of the d 6 ACO was reported as 99.97 atom % D and that of the d
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DAA was 98 atom % D. The ACO introduced into the ion trap as a gas was subjected to freeze−vacuum−thaw cycles of the ACO source liquid prior to use to eliminate volatile impurities.
As DAA is indistinguishable from (ACO) 2 2+ product was then isolated and subjected to CID.
Computational Details. All electronic structure calculations were performed using the NWChem computational chemistry software. 10 For uranium the small core Stuttgart effective core potential and associated basis set was used, 11−13 while the remaining elements (O, C, and H) were described with the DFT-optimized valence triple-ζ plus polarization (TZVP) basis set.
14 Throughout the calculations spherical basis functions were used.
All structures and frequencies were obtained using the local density approximation (LDA). 15, 16 While there are many different conformers of the ligands, only the lowest energy structures are used in this study. All binding and reaction energies reported at the MP2 level of theory were obtained using these LDA-optimized structures. In the MP2 calculations, the 1s core orbitals for O and C were frozen. All energies include the zero-point energy correction obtained from the LDA frequency calculations. Additional energetics obtained with the B3LYP 17, 18 and SSB-D 19 functionals are included in the Supporting Information. The trends in binding energies for both B3LYP and SSB-D functionals are the same as MP2. B3LYP tends to underbind the ligands, especially for species with larger numbers of ligands, whereas the SSB-D energies seem to provide binding energies that are in good agreement with those obtained with MP2.
■ RESULTS AND DISCUSSION
Revealing the Compositions of "Uranyl Acetone" Complexes by CID. Gas-phase uranyl complexes comprised of precisely known normal or deuterium-labeled ACO and/or DAA ligands were prepared by ESI and subjected to CID. The results were compared with those previously obtained from ESI of uranyl in "pure acetone". 4 Comparison of the CID results with those for ESI complexes from nominally high-purity ACO provides an assessment of the role of DAA in complex formation and fragmentation. Throughout the discussion of the experimental results, species in quotation marks refer to those prepared by ESI from "pure acetone", with indeterminate compositions; species identified without quotation marks were prepared as described in the Experimental Details and have the indicated ligand compositions.
In evaluating the CID results, aldol dehydration and dissociation of DAA are considered as possible processes. DAA dehydration to MOX is given by eq 1a and dissociation to two ACO by eq 1b, where deuterium labeling is employed to track the alcohol H atom in d 11 DAA and d
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MOX is the product in eq 1a 2+ product is sufficiently undercoordinated, addition of background water in the gas phase can occur to produce [UO 2 
The results in Figure 1 show ligand elimination and hydration as the dominant processes for elementary uranyl ACO coordination complexes. Other processes reveal the presence of other types of ligands and more complex fragmentation processes.
In Figure 1 are shown spectra for uranyl complexes in which the presumed coordination number is four: "[UO 2 (ACO) 4 2+ , the precursor ion was presumably regenerated according to eq 2b, with the result that the apparent CID yields in Figure 1b underrepresented the contribution from ACO elimination. (Figure 1d ) indicates that the predominant process is dehydration as given by eq 4.
The . The source of DAA ligands in complexes prepared from purportedly pure ACO is uncertain. Although the coupling of two ACO ligands in gas-phase uranyl complexes could lead to formation of DAA ligands, a more plausible source is DAA as a known inherent impurity in acetone. 20, 21 The concentration of DAA should be enhanced with addition of acidic aqueous uranyl ion to acetone. 22 The yields of DAA complexes from ESI 2+ product peak in b results not from CID but rather from gas-phase addition of ACO, which was necessarily present in the ion trap to prepare the precursor ion. Species identified as [UO 2 (ACO) 4 (Figure 2b ) are given by eqs 5a−5c, where eq 5a′ is hydration of the ligand-loss product in eq 5a; minor channels resulted in monopositive MOX products identified in Figure 2b .
[UO ( DAA)(ACO) ] ACO (5b)
[UO ( MOX)(ACO) ] ACO HDO Figure 2c are given by eqs 6a−6d, where eq 6a′ is hydration of the ligandloss product from eq 6a. Figure 2b and [UO 2 (DAA)- ". Both direct ligand loss (eqs 5a and 6a) and retro-aldol DAA dissociation followed by ligand loss (eqs 5b and 6b) could account for the observed elimination of ACO from "[UO 2 (ACO) 5 ] 2+ ". The appearance of "[UO 2 (ACO) 6 ] 2+ " from "pure acetone" suggested an untenable coordination number of six; the appearance of "[UO 2 (ACO) 7 ]
2+ " and "[UO 2 (ACO) 8 ] 2+ " were even more problematic. 4 With the knowledge that DAA was present in other complexes, we speculated that DAA ligands also accounted for these complexes. In Figure 3 are shown the CID spectra for "[UO 2 (ACO) 6 + also appeared (Figure 3b ), but the process leading to this minor product is speculative. 2+ rather only monopositive MOX products such those seen in Figure 3 . Aldol dehydration of DAA to MOX in high-coordination complexes evidently results in charge separation with elimination of protonated MOX; deprotonation of DAA results in an alkoxide ligand such that the U(VI) oxidation state is retained. The key conclusion is that "[UO 2 (ACO) 6 ]" is a complex which comprises one or more DAA ligands and does not comprise weakly bound outersphere ACO molecules. We further infer that the previously identified "[UO 2 (ACO) 7 ]" and "[UO 2 (ACO) 8 ]" complexes prepared from ESI of "pure acetone" 4 are formed from DAA ligands.
Calculations of Uranyl DAA Complexes: Comparing Experiment and Theory. DFT and MP2 calculations were Inorganic Chemistry performed to validate the experimental observations and gain insight into the coordination structure and binding energies of these UO 2 2+ species. All calculated geometries and raw energetic information are available in the Supporting Information.
ACO/DAA Species. Both the ACO and the DAA ligands form bonds with uranium in the equatorial plane through their oxygen atoms. The DAA ligand can form up to two bonds, either coordinating in a monodentate or bidentate fashion. Figure 4 shows the LDA-optimized structures for four different UO 2 2+ species with 5, 6, 7, and 8 ligand-based oxygen atoms. Generally, the ACO and DAA ligands prefer to lie in the equatorial plane around the uranium with the uranyl being close to linear. Due to its asymmetric structure, the DAA ligands are slightly bent out of plane (U−O−C angle 4−5°out of plane). Table 1 summarizes the coordination numbers of the equatorial oxygen atoms in the mixed [UO 2 (ACO) x (DAA) y ] 2+ species. Overall, the highest U−O coordination in the equatorial plane for all of the calculated DAA/ACO species was found to be 5, in accord with the general consensus on the coordination of ligands with UO 2 2+ . The DAA ligands form bidentate bonds to maximize the equatorial coordination with the uranium up to five bonds where possible (see Table 1 ). For species with 1−5 oxygen atoms coordinating with uranium in the equatorial plane this is definitely the case. When six or more ligand oxygen atoms can coordinate, DAA ligands resort to binding in a monodentate manner with the weaker bonding alcohol group not coordinating with the uranium. A structure with all three ligands binding in a bidentate fashion was found for the [UO 2 (DAA) 3 ] 2+ species, about 2.5 kcal/mol higher in energy at the MP2 level of theory, suggesting this coordination might be observed in experiment. Figure 5 shows the relative MP2 binding energies for successive addition of ACO or DAA using the lowest energy structure found for any given complex. The calculated binding energies show that stable species with the equivalent of up to eight ACO molecules can be formed from a combination of DAA and ACO ligands. Addition of either ACO or DAA is an exoergic process. The data in Figure 5 shows that the presence of small amounts of DAA in the experiments will lead to formation of DAA-containing complexes as deduced from the experiments described above. On the basis of the calculated relative binding energies, we postulate that the observed "[UO 2 (ACO) 8 ] 2+ " species can only be formed as [UO 2 (DAA) 4 ] 2+ with one DAA ligand binding in a bidentate manner and three DAA ligands binding in a monodentate fashion.
Also shown in Figure 5 is the addition and dimerization of ACO resulting in formation of a DAA ligand. This process is generally less favorable than addition of either the DAA or the ACO ligand. However, the dimerization process does become competitive, and in some cases favorable, with simple ACO addition for species with five or more oxygen atoms available for bonding in the equatorial plane. Together with the observation that DAA ligands are present in the gas-phase experiments, this provides strong evidence that the previously observed "[UO 2 (ACO) 6 " species 4 were actually complexes which comprised one or more DAA ligands and exhibited coordination numbers that did not exceed five.
CID Species. A summary of the calculated reaction energies for the four main CID channels of the precursor species studied computationally is shown in , which will be discussed later. Loss of a DAA ligand during the CID process is found to be a high-energy process relative to other product channels, clearly explaining why this process is not observed in the experiments. To detach the DAA molecule enough energy needs to be injected into the molecule for two uranium−ligand bonds to be broken. As discussed before, [UO 2 (DAA) 3 ] 2+ might have two bidentate-and one monodentate-bonded DAA ligand. However, over 58 kcal/mol of energy is required to detach the DAA Figure 4 . Subset of optimized structures of UO 2 2+ species with five or more DAA and/or ACO ligand oxygens. Uranium is shown in magenta, oxygen is red, carbon is gray, and hydrogen is white.
[UO 2 (ACO) 1 ligand. The data in Figure 5 predict that DAA loss would be observed for species with additional ACO or DAA ligands. Loss of an ACO ligand can occur through either detachment of an ACO ligand or decomposition of a DAA ligand. The latter process is the only process available for the DAA n species. In most of the mixed ACO/DAA species the DAA decomposition process is slightly favored over detachment of an ACO ligand. ). Energies for acetone addition with dimerization include the energy for formation of DAA from two ACO ligands (approximately −10.8 kcal/mol). 2+ ) from another DAA ligand, resulting in formation of alkoxide products. The shift from pure MOX to alkoxide with the increased coordination number suggests that the crowding of ligands affects the reaction mechanism.
■ CONCLUSIONS
Collision-induced dissociation (CID) mass spectrometry experiments in conjunction with density functional theory (DFT) and MP2 calculations were used to gain insight into the molecular structure and dissociation channels of uranyl species containing acetone and diacetone alcohol ligands. Uranyl complexes with isotopically labeled ligands were prepared by electrospray ionization and gas-phase exchange reactions.
Comparison of the CID spectra with previous results 4 clearly shows that the previously observed "[UO 2 (ACO) 6, 7, 8 ] 2+ " species contained DAA ligands. MP2 and DFT calculations confirm that species can form stable complexes with DAA bonded in either bidentate or monodentate fashion but that the effective number of atoms coordinating with uranium in the equatorial plane does not exceed five. Cartesian coordinates, absolute energies, and zero-point energies for optimized structures. This material is available free of charge via the Internet at http://pubs.acs.org.
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